Abstract: Additive manufacturing is a technology of making a three-dimesional solid object of any shape from a digital model. Today on the global market exist various additive manufacturing processes. All of these processes build parts by applying material layer by layer. In a wide range of different processes there is a problem of selecting an adequate process for a user or company interested in additive manufacturing technology. Solving of such a problem is possible by using multicriteria decision methods which result in ranking of alternatives. Thus the user or company can easily select one of the available additive manufacturing processes. In this paper basic methodology of application of three different multicriteria decision methods in solving the mentioned problem was shown. These methods are: Analytic hierarchy process (AHP), Fuzzy AHP and Preference ranking organization method (PROMETHEE). Available alternatives are processes: 3D printing, Fused Deposition Modeling, Selective Laser Sintering and Photopolymer Jetting.
INTRODUCTION
By additive manufacturing (AM) technology it is possible to make products with complicated geometry in relatively short time. For that purpose 3D product model data developed by the Computer Aided Design (CAD) is required. Additive manufacturing processes do not require machining technology processes planning, development of tools and molds, specific machining equipment, logistics and warehousing activities planning etc. It is necessary to know only the basic constraints of machine operation and the way the machine applies a material. Additive manufacturing technology has two key levels of application: rapid prototyping and rapid manufacturing. Rapid prototyping presents creating of conceptual prototypes that spatially show basic concept of some idea or innovation and functional prototypes that are used for evaluating quality and ergonomics properties and functions of future products. Rapid manufacturing generates fully functional finished products or tools which can be implemented in their practical application immediately after production process completion. Some of the basic advantages of additive technology are time shortening and cost lowering required for a new product development from initial concept to production start. Additive technology can help identify defects on workpieces whose elimination is more expensive when they reach serial production stage. Additive manufacturing processes can be divided into processes that use a building material in solid state (wire, sheet), liquid state and powder (Fig. 1 ). In such a wide range of different processes there is a problem of selecting an adequate additive manufacturing process for a user or company interested in additive manufacturing technology [1] .
Many authors conducted researches using different multicriteria decision methods in solving decision problem between various alternatives ie. available additive manufacturing processes. Anderson Vincente Borille et al. [2] showed evaluation of three alternatives: the Fused Deposition Modeling, Selective Laser Sintering and conventional technology regarding quality, cost and process time criteria. For the decision process they used the Analytic hierarchy process (AHP) method. Byun et al. [3] used modified Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) method for ranking six rapid prototyping processes considering six different criteria: accuracy, surface roughness, tensile strength, elongation, part cost and build time. Shende et al. [4] also used the TOPSIS method and seven criteria: accuracy, surface finish, tensile strength, elongation, part cost, process time, heat deflection temperature, to rank four additive manufacturing processes: Stereolithography, Selective Laser Sintering, 3D Printing and Fused Deposition Modeling. Narayan Panda et al. [5] proposed integrated AHP and fuzzy TOPSIS approach for the selection of five rapid prototyping processes: Laminated Object Manufacturing, Selective Laser Sintering, 3D Printing, Fused Deposition Modeling and Stereolitography, regarding five criteria: dimensional accuracy, surface quality, part cost, build time and material properties. Lokesh K. et al. [6] developed AHP model based systematic approach to enable potential users to select the appropriate rapid prototyping technology.
In this paper a conceptual model of product (rotor) was built by four different additive manufacturing processes. Two of them use powder as a build material, one of them uses solid material (wire) and one liquid material (photoploymer jet). These processes are 3D Printing (3D PRINT), Fused Deposition Modeling (FDM), Selective Laser Sintering (SLS), Photopolymer Jetting (POLYJET). After the production process, for the purpose of mutual comparision of these processes, six different criteria are defined. These criteria are: dimensional accuracy, surface roughness, mechanical properties, process cost, process time and post-processing and they were obtained directly from manufacturing process. Solving selection problem of the most appropriate additive manufacturing process was conducted using three different multicriteria decision methods: the AHP, Fuzzy AHP and PROMETHEE method and methodology of their application in such a problem was shown step by step.
PRODUCTION BY ADDITIVE MANUFACTURING PROCESSES Figure Additive Manufacturing process
Additive manufacturing process involves a number of steps that move from virtual CAD description to the physical part. These steps are (Fig. 2 The STL file describing the part must be transferred to the AM machine. There may be some general manipulation of the file in order to put it into the correct size, position, and orientation for building. 4) Machine setup: The machine must be properly set up prior to the build process. Such settings would relate to the build parameters like the material constraints, energy source, layer thickness, timings, etc. 5) Build: Building the part is mainly an automated process and the machine can largely carry on without supervision. 6) Removal: Once the machine has completed the building, the parts must be removed. This may require interaction with the machine, which may have safety interlocks to ensure for example that the operating temperature is sufficiently low or that there are actively moving parts. 7) Postprocessing: Once removed from the machine, parts may require an amount of additional cleaning up before they are ready to use. Parts may be weak at this stage or they may have supporting features that must be removed. This often requires time and careful, experienced manual manipulation. However, they may also require additional treatment before they are acceptable for use or to be assembled together with other mechanical or electronic components to form a final model or product. 
APPLICATION OF MULTICRITERIA DECISION METHODS
After the model production by mentioned additive manufacturing processes, the solving of decision making problem ( Fig. 3 ) by multicriteria decision methods has been done. The AHP, Fuzzy AHP and PROMETHEE methods have been used. The objective is to show a basic methodology of application of these methods and to find out which of four additive manufacturing processes is most suitable for the user/company i.e. decision maker. The processes were compared with each other by six selected criteria. Each criterion has a specific numerical value. The data in Tab. 1. were obtained by measuring or in consultations with certain companies. Numerical values for dimensional accuracy criteria were obtained by measuring bore diameter with digital measuerement device, on each additive manufactured part. The measurements were performed in three iterations. The numerical value in the table is actually the mean value of measured data. The surface roughness data were obtained in the same way. Measurements of the surface roughness were performed on the flat forehead of the part on the top of the blades (x axis) without postprocessing. These measurements of surface roughness were performed by Taylor Hobson Surtronic 3 device. Mechanical properties data were taken from company catalogues that develop these additive manufacturing technologies and their materials [7] [8] [9] [10] . Process cost, process time and postprocessing criteria values were acquired in cooperation with companies that are commercially involved in this technology. Process time values were obtained automatically from machine display. Post-processing values were obtained by measuring time required to clean up produced parts. All these data should be used as a start point for further application of multicriteria decision methods and output results greatly depend on them. 
AHP Method
The AHP (Analytic Hierarchy Process) method [11] [12] [13] was developed by Thomas Saaty in early 70s of the last century. This is one of the most important decision methods which finds its application in solving complex problems consisting of the objective, criteria and alternatives. The application of the AHP method can be described in three basic steps: 1) Firstly, hierarchy model of decision making problem should be developed. That model should have its objective at the top, defined criteria at lower levels and available alternatives at the bottom of that model (Fig. 3 ). 2) On each level of the hierarchy structure elements should be compared in pairs one with each other. Preferences of the decision maker are expressed by Saaty's scale of relative importances which has 5 main stages and 4 intermediate stages of verbally described intensities and corresponding numerical values in the range of 1-9 (Tab. 2). 3) From the estimations of relative importances of elements from appropriate level of hierarchy structure using a mathematical model, weights of criteria and local priorities of alternatives can be obtained, which can be later synthesized in overall priorities of alternatives. Overall priority of each alternative can be calculated by summing its local priorities multiplied by weights of criteria.
An important feature in the application of the AHP method is consistency checking of decision maker's estimations. During comparisions of pairs of hierarchy structure elements, consistency of decision maker's estimations and determined correctness of obtained weights of criteria and priorities of alternatives should be checked. Higher value of the Consistency Ratio (CR) means that the decision maker is less consistent in his answers whereas lower value means the opposite. Generally, the Consistency Ratio has value 0.10 or less when the decision maker's answers are relatively consistent. If the Consistency Ratio is higher than 0.10, the decision maker should again estimate the importances of criteria. In this case, the calculated Consistency Ratio fulfills the condition CR ≤ 0.10.
The steps of the conducted AHP method are shown in Tab. 2 and Tab. 3 and in Fig. 4 and Fig. 5 . The subjective evaluation of the decision maker and values from Saaty's scale have not been used to determine local priorities of alternatives according to each of criteria. Numerical values from initial table (Tab. 1) have been used instead. It can be concluded that hereby more accurate results and ranking of alternatives priorities were obtained because the possibility of decision maker's favoritism was excluded.
Fuzzy AHP Method
Since the standard AHP method does not include the possibility of situations with ambiguity in the estimation, it is possible to upgrade this method with fuzzy approach. This approach is called the Fuzzy AHP method [14] . Instead of one defined value, in the Fuzzy AHP method full range of values that include unsafe attitudes of decision maker should be generated. For that process it is possible to use triangular fuzzy numbers, trapezoidal or Gaussian fuzzy numbers. The Fuzzy AHP method suggests their application directly in criteria pairs comparison matrix. Triangular fuzzy numbers are used in most cases and because of that they have been applied in this paper also.
Triangular fuzzy number � (Fig. 6 ) can be described as an interval of real numbers where each of them has a degree of belonging to the interval between 0 and 1. Triangular fuzzy number is defined with three real numbers, expressed as l, m and u. Parameters l, m and u present the lowest possible value, the most perspective value and the largest possible value described by fuzzy set. Their membership functions are given in Eq. 1 [14] .
The first step in solving problem by this method is replacing numerical values from Saaty's scale with triangular fuzzy numbers in the pairwise comparison matrix (Tab. 4). After forming a matrix of fuzzy criteria comparison it should be defined vector of criteria weights W. For that purpose the following equations were used [14] .
The value of fuzzy synthetic extent is defined as:
where
is computed with Eq. (3) and Eq. (4) as follows
are two triangular fuzzy numbers (Fig. 6) . The degree of possibility of 1 
Assume that ( ) = min ( ≥ ) for = 1,2, … . ; ≠ . Then the weight vector is given by
where = ( = 1,2, … ) are n elements. Via normalization, the normalized weight vector is
where W is a non-fuzzy number. Technical Gazette 25, 2(2018), 453-461 From W vector calculated by previous numerical procedure can be concluded that C1 and C2 criteria are most important but C5 and C6 are completely unimportant criteria. Similar results were obtained also by AHP method.
It is also possible to use the Fuzzy AHP method for comparison of alternatives according to each of criteria, but because subjective evaluation and values from Saaty's scale were not used and these matrices were calculated directly from initial information available to the decision maker, that is not necessary. Therefore, the order of alternatives for each criterion remains the same as in the AHP method (Fig. 4 and Fig. 5 ).
PROMETHEE Method
The PROMETHEE method is one of the newer methods in the field of multicriteria analyses. Authors of the PROMETHEE method are Belgians J.P. Brans, Ph. Vincke and B. Mareschal. The PROMETHEE method performs comparison and ranking of various alternatives simultaneously valued on more quantitative or qualitative criteria [15] .
For solving the mentioned problem by this method, both quantitative values of criteria for each alternative as well as weights of criteria preference function should be defined. The preference function represents preference intensity of alternative a in relation to alternative b. There are six different preference functions. In this case linear preference function with indifference area was chosen. For each of these preference functions some parameters should be defined. These parameters are: q -indifference treshold, defines the area within the difference of two alternative values according to some criteria is negligble for the decision maker, p -preference treshold, defines the area of strict preference.
Decision maker's preference increases linearly in indifference area to strict preference area i.e. the area between tresholds q and p (Fig. 8) . 
Also, preference index П should be defined as
where is ( , ) -preference function and ∑ =1 -weights of criteria sum.
Preference (11)).
Negative flow measures "a weakness" of alternative a i.e. a smaller Φ − (a) flow means that an alternative is better (Eq. (12)).
Comparing positive and negative flows two sets of alternatives are obtained, one by Φ + (a) and one by Φ − (a). These sets are:
where a S b means: a is good like b or even better. Intersection of these two sets of alternatives results in the PROMETHEE I partial ranking of alternatives:
In addition to the PROMETHEE I it is possible to get the PROMETHEE II or fully ranking of alternatives. In that case net flow Φ should be calculated as difference between the positive flow and the negative flow, or as difference between "the strength" and "the weakness" of each alternative:
Although the decision maker can decide easier with the PROMETHEE II or fully ranking of alternatives, the PROMETHEE I or partial ranking still gives much more realistic information, especially related to incomparability that can often be of great importance for the final decision.
RESULTS AND DISCUSSION
As mentioned before, in the AHP method the overall priorities of alternatives are calculated by summing local priorities of each alternative multiplied by weights of criteria. These results are shown in Fig. 9 .
Also, in the Fuzzy AHP method the overall priorities of alternatives are calculated in exactly the same way. Ranking of alternatives for examined additive manufacturing processes is the same as in the AHP method. Firstly the POLYJET process is ranked, secondly follows the SLS process, thirdly FDM and the last, fourth is 3D PRINT process. A difference here is also noticeable, considering the original AHP method, in numerical values of overall priorities of alternatives obtained by summing multiplications of local priorities and weights of criteria (Fig. 9 ). For solving this problem by the PROMETHEE method, the computer software Visual PROMETHEE was used [16] . In this software it is necessary to enter weights of criteria, initial data available to the decision maker, preference function's type and numerical values of q and p parameters. It is obvious from the next figures that this method gives also the same rank of alternatives as two previous methods.
CONCLUSION
In this paper the model constructed in the CAD software Creo Parametric (PTC) was produced by four different additive manufacturing processes. The objective was to make a decision which of these processes is the most suitable for practical application. For comparison of these processes six different criteria and their defined quantitative values were used. In decision making process three different multicriteria decision methods were conducted. As a result of implementation of each of these methods, a rank of alternatives was obtained, i.e. additive manufacturing processes according to their priority. Finally it can be concluded that all mentioned methods give the same rank of alternatives and consequently the first choice should be the Photopolymer Jetting process, the second is the Selective Laser Sintering process, the third the Fused Deposition Modeling and on the fourth place is ranked the 3D Printing process. Hereby, the initial problem is successfully solved and the accuracy of solving this problem by each of the mentioned methods is proved at the same time.
Intention of this paper was to show a methodology of application of different multicriteria decision methods in solving a concrete problem of selection of an appropriate additive manufacturing process without going into details of each of these processes. Here presented criteria values and preferences of alternatives are general and subjective and the final result significantly depends on their entry in decision making process. In further work it is possible to involve more experts in the process of estimation criteria importances to get more accurate results. Also in this paper only six criteria were used so in the future to obtain more accurate overall results it is possible to evaluate more criteria, conduct more measurements on different areas of additive manufactured parts and find out more precise criteria information.
